Design, simulation, and realization of solid state memory element using the weakly coupled GMR effect by 中村  慶久
Design, simulation, and realization of solid
state memory element using the weakly coupled
GMR effect
著者 中村  慶久
journal or
publication title







520 IEEE TRANSACTIONS ON MAGNETICS, VOL. 32, NO 2 ,  MARCH 1996 
sign, Simulation, and Realization 
emory Element Using the We 
GMREffect 
Zhi Gang Wang and Yoshihisa Nakamura, Senior Member, IEEE 
Abstract-We found that in a weakly coupled giant magne- 
toresistive (GMR) sandwich the small-field response's slope is 
dependent on its past magnetic history. Based on this storage 
mechanism, we designed a binary solid state memory element. 
Simulation results show that it operates on the general princi- 
ple of storing a b:-.ary digit in the hard component and sensing 
nondestructively its remanent state by switching the soft com- 
ponent in such a way that the magnetic state of the hard com- 
ponent is unaltered, thereby causing a dramatic GMR polar 
readout. So far a 1-b experimental apparatus has been real- 
ized. 
I. INTRODUCTION 
ECENTLY, terms such as multimedia, super infor- 
mation highways, video on demand, and interactive 
communications have become popular in the information 
communication community. As one example of storage 
devices, magnetoresistive random access memory 
(MRAM) using a magnetoresistive (MR) or giant mag- 
netoresistive (GMR) effect as a read-out mechanism has 
attracted greater and greater interest from fundamental as 
well as technological viewpoints due to its nonvolatility, 
compactibility , and fast transient response properties [ 11- 
[5] .  This paper presents the design, simulation and reali- 
zation of a solid state memory using the weakly coupled 
GMR effect. We conclude that weakly coupled GMR ele- 
ments [6]-[9] with two ferromagnetic components can 
improve MRAMs significantly because of their low 
switching fields (< 10 Oe) and intermediate magnetore- 
sistance ratio (4% - 13%, in general higher than the 
- 2 % of permalloy). Among the basic requirements for 
MRAMs, low switching fields lead to lowered threshold 
excitation currents and hence narrowing of word lines as 
the result of thermal considerations. Also, high output 
signal causes an obvious reduction in read access time, as 
illustrated in Fig. 1. The fact that the magnetization of 
NiFe can be switched at a frequency of 1 GHz [lo] and 
the reality of high-quality lithography at 0.05 pm and less 
[l 11 make it possible to expect a advanced magnetic stor- 
age whose density will be 10" b/cm2 in the 21st century. 
If this is realized, MRAMs may compete with any solid 
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Fig. 2 Companson of various storage devices. 
state integrated memory, and potentially with magnetic 
disks in some application [ 11. The position of GMR mem- 
ory in various storage devices is given in Fig. 2. 
11. DESIGN 
We designed a memory cell configuration using a 
weakly coupled GMR sandwich as shown in Fig. 3 .  This 
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Fig. 4. Schematic mechanism of solid state memory using weakly coupled 
GMR effect. (a) State of 0. (b) State of 1 .  
mode requires only a GMR storage/sense line, with lon- 
gitudinal easy axis, and a word line, orthogonal to the 
storagelsense line. 
In principle, in structures exhibiting the GMR effect the 
resistance is lower when alternate magnetizations are par- 
allel than when they are antiparallel. In a weakly coupled 
GMR sandwich there are two kinds of ferromagnetic com- 
ponents which possess different coercivities spaced with 
a nonmagnetic conductive film. A high GMR signal can 
be produced if the soft component can be reversed without 
reversing the hard component [ 6 ] .  We considered that the 
hard component is used for the data storage and the soft 
component is used for data readout. Concretely, the mag- 
netization in the hard component tends to point in one of 
two antiparallel easy directions, and these directions can 
be used to represent a stored 1 or a 0. In this paper the 
appointment is made that the remanent magnetization 
turning left represents 1 whereas one turning right repre- 
sents 0. On the other hand, switching the magnetization 
of the soft component leads to a dramatic GMR signal as 
readout. The schematic diagram for binary memory using 
weakly coupled GMR effect is shown in Fig. 4. 
Appropriate selection of fields leads to a method of 
writing a particular bit in a two-dimensional (2D) array 
where neither the easy direction field (with selected value) 
nor the hard direction field (with selected value) by them- 
selves are able to switch the material, but the two in com- 
bination will. The hard direction field is provided by the 
sense current, assumed to flow almost along the inter- 
mediate layer (for example, Cu) because of its large con- 
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Fig. 5 .  Expected writing and reading timing diagram. 
ductivity, and the easy direction field is with the word line 
current. The above memory mode, which uses 2D selec- 
tion for writing, also provides a possibility of 2D nonde- 
structive readout (NDRO). NDRO can be achieved by ap- 
plying a field below the hard component's threshold with 
the word line. When a plus pulse word current Zw passes 
through the word line, a plus or minus (corresponding to 
a binary data) pulse sense output Vs should appears across 
that GMR storage/sense line. The expected writing and 
reading timing diagram is shown in Fig. 5.  
111. SIMULATION 
We established an engineering model [12], [13] to 
demonstrate the detailed mechanism in the above design. 
The model is based on the coherent rotation and uniaxial 
anisotropy assumptions. Generally, MRAMs need a sub- 
micron cell size and pitch. For these very small dimen- 
sions, it is difficult to contain a magnetic domain wall. 
Hence the consideration that the switching characteristics 
of the films behaves like a single domain is reasonable. 
As shown in Fig. 6 ,  assume two ferromagnetic com- 
ponents of identical thickness having the uniaxial anisot- 
ropy (Ku,  and Ku2) with easy axes parallel to each other. 
Assume also the angles of the magnetizations with the 
easy axis are O1 and O2 and the angle of the applied field 
is IJ. In this calculation we assume IJ = 45". The incli- 
nation of the applied field is for the consideration of 2D 
selection of memory cell in application. The parameters 
are taken as experimentally measured. The anisotropy 
fields of the soft component and the hard component are 
assumed to be 8 Oe and 28 Oe, respectively; the exchange 
coupling between the two components is assumed to be 
ferromagnetic (parallel) coupling, and its value is 2 Oe. 
Please note that the coupling's value is so weak that it is 
even less than the soft component's coercivity (whose 
theoretical value is 4 Oe). For this reason, this type of 
GMR is named a weakly coupled one. The angles of the 
magnetizations in two layers are chosen such that they 
minimize the energy function which covers the anisotropy 
and external field terms in the two components, respec- 
tively, and the ferromagnetic exchange term between the 
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two components. The total energy per unit volume may 
then be expressed as 
E = (4) (E, + E ~ )  + A , ~  cos (e, - 0,) (1) 
where Ei = Kui sin2 ei - MiH cos (I) - ei), i = 1 for 
the soft component and i = 2 for the hard component. A12 
is the exchange constant, and Mi is the saturation mag- 
netization (MI  = 1000 p/cm3 and M2 = 500 p/cm3). 
The resistance is calculated by the square of sine of the 
angle between the magnetizations in the two layers. It can 
be given by 
where G is the coefficient of the GMR effect. 
We calculated the resistance versus applied field R(H)  
transfer curves under an excitating field with various 
strength. The switching of the double ferromagnetic lay- 
ers with different coercivities gives rise to the double- 
hump shaped main loop depicted in Fig. 7(a), where the 
applied field is between f 15 Oe. From this main loop the 
two switching thresholds at point A and point B corre- 
spond with the magnetization reversals of the soft and the 
hard component, respectively. The magnetization in the 
soft component rotates in weak field below point A while 
that of the hard is not saturated up to point B.  Consider a 
process with increasing field. The sharp increase in resis- 
tance starts when the magnetization of the soft component 
begins to rotate (below A ) .  The maximum of resistance is 
observed at A where the direction of the soft component’s 
magnetization has just reversed. With further increasing 
of the field (exceeding A ) ,  the direction of the hard com- 
ponent’s magnetization also tums to the field direction and 
subsequently the resistance gradually decreases (and vice 
versa). 
Figure 7(b) and (c) illustrates the R(H)  response’s mi- 
nor loops operating in the mode in which only the soft 
component is switched by applying a field between k7 .5  
Oe. In Fig. 7(b) the element is initially polarized to the 
negative direction by a field of - 15 Oe, while in Fig. 7(c) 
it is initially polarized to the plus direction by +15 Oe. 
In these minor loops of small-field GMR response one can 
expect a shift since the initially polarized hard component 
blocks the spins of the soft component through the fer- 
romagnetic exchange interaction. From Fig. 7(b) and (c) 
we found a storage mechanism: The slope of the small- 
field response R ( H )  (minor loop) depends on its past mag- 
netization history. That is to say, after being magnetically 
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Fig. 7. Simulation results. (a) Main loop. (b) Minor loop. (c) Minor loop. 
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(C) 
Fig. 8. Experimental results. (a) Main loop in which the readout is be- 
tween f 1 5  Oe. (b) Minor loop in which the applied field i s  between k7.5 
Oe but the sample is initially saturated by the field of - 15 Oe. (c) Minor 
loop in which the applied field is between k7.5 Oe but the sample is ini- 
tially saturated by the field of + 15 Oe. 
polarized to the negative direction the response’s slope 
will be positive, whereas after being polarized to the pos- 
itive direction the slope will be negative. 
The above-calculated R ( H )  curves give good agree- 
ments with the experimental results for the sample of 
CO(~OA)/N~F~(~A)/C~(~OA)/C~(~A)/N~F~(~OA) shown 
in Fig. 8. The voltage output of that sample was measured 
at room temperature using the four-point probe method 
with application of 10 kHz, 30 Oe and 10 kHz, 15 Oe ac 
magnetic fields, respectively. The angle of the field with 
the sense current and the easy axis of the sample is 45 O ,  
the same as simulated above. 
Moreover, many details can be shown from the simu- 
lation results. For example, in the simulation of the minor 
loop (Fig. 7(b) or (c)), the soft component is switched but 
the magnetization in the hard component should rotate 
along a Rayleigh loop [ 141. Simulations without the Ray- 
leigh loop for the hard component could not give rise to 
the distortion phenomenon as shown in Fig. 8(b) and (c). 
The existance of a Rayleigh loop in the hard component 
will be harmful to our memory design. It will result in 
gradual degrading of output and finally destruction of the 
remanent state in the hard component after enormous 
numbers of readout switching. We will discuss this prob- 
lem thoroughly elsewhere [ 151. 
IV. REALIZATION 
We have fabricated a 1-b GMR memory cell with a 
storage/sense line and a word line onto the neoceramic 
substrate, as illustrated in Fig. 9. A brief outline of the 
fabrication method is given in the following. The mate- 
rials of the storage/sense line are as given: Co(SOA)/ 
N~F~(~A)/CU(~OA)/CO(~A)/N~F~(~OA). The thinner 
NiFe and CO layers were formed to enhance interfacial 
scattering, which increases the MR ratio to two times as 
large as that of Co(SOA)/Cu(3OA)/NiFe(SOA), and the 
sandwich structure is comprised of two ferromagnetic 
components: the hard component Co(SOA)/NiFe(SA) and 
the soft component Co(SA)/NiFe(SOA). To prepare these 
samples, an RF sputtering system was employed. Uniax- 
ial anisotropy, important both for memory storage and for 
the way that a bit is selected [l], is induced by a magnetic 
field of 15.5 Oe applied in the plane of the films during 
sputtering. The preferred axis is chosen to lie along the 
longitudinal direction of the sandwich stripe to eliminate 
the so-called curling distance. Thereafter an ac magnetic 
field anneal (300°C X 80 Oe X 2 h) was executed, and 
it was found that the ac thermal treatment works to in- 
crease the slope of the R ( H )  curve. The above sandwiches 
were patterned into a rectangular shape whose size is 5 
pm X 10 pm by optical lithography and ion milling tech- 
niques. The storagelsense line was covered with a 0.5 pm 
thick Si02 layer, which served as an insulator, and a Cr/ 
Cu/Cr multilayer was deposited onto the Si02 and pat- 
terned into the word line. Contact holes were etched in 
the Si02 using the liftoff technique, followed by the struc- 
turing of electrodes for the storage/sense line. As regards 
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Driving Method Fig. 9. Experimental apparatus. 
the Cr/Cu/Cr structure, the usage of Cr(5OOA) is to make 
conductor pads as strong as Cu(9000A)’s mechanical 
strength is soft. A combination of a sense current flowing 
Fig. 10. Switching thresholds. 
along the GMR line and a exciting current flowing along 
the word line can realize a 2D selective storagelsense 
function. 
We measured the threshold of the switching field for 
both the hard component and the soft component using 
the GMR effect as an analysis tool [16]. As shown in Fig. 
10, the switching field in the longitudinal direction is low- 
ered when a transversal field is applied. The outer loop is 
the hard’s and the two inner loops are the soft’s. Two 
loops for the soft component exist because the soft’s loop 
can be shifted left or right by the remanent magnetic mo- 
ment in the hard component through the ferromagnetic 
(parallel) coupling. It is apparent that when the tip of the 
total field vector, comprising the easy direction field and 
the hard direction field, is outside the outer curve, a writ- 
ing or a rewriting operation can be realized (case 1 in Fig. 
10). A 2D nondestructive readout (NDRO) can be 
achieved by applying a field below threshold B with the 
word line. When considering the NDRO problem in the 
threshold curve of Fig. 10, the vector should be limited 
to inside the outer curve but outside the inner curves (case 
2 in Fig. 10). Limiting the vector outside, at least touch- 
ing, the inner curves is to switch the soft component thor- 
oughly and thus get a full output. If the tip of the vector 
is too close to the outer curve, an instability against wall 
creep [4] will result. Thus the threshold at point A in Fig. 
8 will be generally used to monitor the state of the hard 
component. 
We conclude that the NDRO signal level is almost the 
full response of that GMR element in our design. You can 
find this to be true by comparing Fig. 8(a) with Fig. 8(b) 
or (c). This advantage explains the double-humped shape 
of the R(H)  curve. 
As mentioned above, the + slope corresponds to stored 
1 while the - slope corresponds to stored 0 in minor loops 
of R(H)  responses. Based on this property, data readout 
is performed by monitoring the response of the sense line 
against the pulse word current. The magnetic field in- 
duced by the word current is set to be smaller than the 
coercivity of the hard component, but larger than that of 
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Fig. 11. Pulse sequence of readin 
for the soft component occu 
sponding to 1) or minus 
output Vs should appear 
line. This was proven to 
sense line against the plus pulse word current 
for the fabricated element. The output voltag 
age/sense line increases for the 1 state shown 
and decreases for the 0 state shown in Fig. I l(b) since 
the resistance of the GMR sandwich is high for the anti- 
parallel spin configuration and low for the parallel spin 
configuration. The sense current applied into the storage/ 
sense line is 5 mA, and a sense output voltage of 8 mV 
appears. The read/write energy can be quite low. Fur- 
thermore, the tests indicated that a stable readout state 
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involving 3 X lo8 excitations can be achieved. Thus this 
element is confirmed to have an NDRO property. 
V.  CONCLUSIONS 
In the weakly coupled sandwiches Co(SOA)/NiFe(SA)/ 
Cu(3OA)/Co(SA)/NiFe(5OA), we found a storage mech- 
anism: The slope of the minor loop of the resistance ver- 
sus the field curve R ( H )  depends on its magnetization his- 
tory. That is to say, after being polarized to the negative 
direction the response’s slope will be positive, whereas 
after being polarized to the positive direction the slope 
will be negative. Based on the above mechanism, we de- 
velop a memory which uses a weakly coupled sandwich 
for both storing and reading data. 
It was demonstrated theoretically and experimentally 
that weakly coupled GMR sandwiches can be operated in 
a mode of 2D selection memory and a mode of 2D selec- 
tion NDRO sense in which only the soft component is 
switched by the appropriate combination of the easy di- 
rection field and the hard direction field. 
Compared with other CMR memory designs, our 
scheme has the following advantages. 
1) The cell width is a key parameter for storage density. 
In the type using antiparallel coupled sandwiches, the 
magnetizations in the two ferromagnetic layers lie head- 
to-tail across the stripe, and stored data 1 or 0 is repre- 
sented by clockwise or counterclockwise magnetizations 
around the stripe. However, the magnetizations at the 
edges of the stripe are constrained to lie along the edges 
due to strong demagnetizing effects in that short trans- 
verse direction, and the magnetization gradually curls in 
the direction of the stored data away from the edge. For 
this reason the ultimate density limit of this type is limited 
by the so-called curling distance from the cell edges. In 
our design, we can induce the easy axis in the longitudinal 
direction and lie the stored magnetizations along the edge 
without demagnetizing the field because only a very weak 
ferromagnetic (parallel) coupling field acts between lay- 
ers. Therefore the influence of the curling distance will 
be eliminated thoroughly. 
2) In order to get an NDRO, the general method limits 
the amplitude of the excitating field to a reversible range. 
But this always results in lowering the readout amplitude. 
In our scheme the NDRO signal level is almost the full 
response of the GMR element. 
3 )  Unlike other magnetic memory designs using soft 
film for storage, our element has a strong antidisturbance 
capability. The disturbance from a magnetic field with 
amplitude under the switching threshold of the hard com- 
ponent for storage purposes does not destruct the rema- 
nent state. 
4) For any uniaxial anisotropic ferromagnetic film, there 
are two stable states; the magnetization will tend to point 
in one of two easy directions, and these directions can be 
used to represent binary data. The fact that the magneti- 
zations in two ferromagnetic layers act independently in 
weakly coupled sandwiches makes it possible to realize a 
525 
quarternary storage. The different coercivities between the 
two ferromagnetic layers can be employed to write states 
in the two layers, respectively. This research is now in 
progress in our laboratory. 
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